Freezing temperatures cause different levels of freezing injury and change biochemical components of trees. In this study, the range of survival temperature and variation in electrolyte leakage, and in concentrations of sugar, starch, and proline were determined in peach twigs (Jinmi, Changhowonhwangdo, and Kawanakajima Hakuto) exposed to artificially controlled freezing temperature. Freezing temperatures at which the plants were damaged by stress were found to be −21˚C in Jan. and Feb., −18˚C in Mar., and −6˚C in Apr. Electrolyte leakage increased as temperature decreased from −15˚C to −24˚C at each assessment time. Sugar gradually decreased after the endodormancy period in the late part of winter, and sugar concentration was overall lower in freezing temperature treatments, while starch increased as a result of changing seasons from Jan. to Apr. The trend of proline concentration was related to the survival rate of peach trees during winter. This study suggests possible safe temperatures for survival and cultivation of peach trees as well as identifying freezing temperature effects on internal components of freeze-injured peach twigs.
Materials and Methods

Plant Materials and Freezing Treatment
The experiment was carried out using 7-year-old peach trees grown in the field at the National Institute of Horticultural and Herbal Science, RDA, Suwon, Korea (37˚15'N and 126˚98'E) in a temperate continental climate (average temp. 12˚C, average precipitation 1312.3 mm). Three common peach cultivars "Jinmi", "Changhowonhwangdo", and "Kawanakajima Hakuto" were selected for the study. Although less-cold tolerant cultivars are commonly used for experimental reference, majority of less tolerant cultivars were not survived in the temperate region during the dehardening period. Thus, "Jinmi", "Changhowonhwangdo", and "Kawanakajima Hakuto" used this study are commonly used as reference cultivars for the medium-cold tolerant cultivars under Korean growing conditions. To determine whether twigs were survival or dead at treated freezing temperature, browning color inside twigs was observed. Samples were collected on Oct. 5, Nov. 5, and Dec. 7 in 2011, and Jan. 15, Feb. 15, Mar. 15, and Apr. 16, 2012 . For determination of electrolyte leakage and levels of sugar, starch, and proline, peach twigs were collected on Jan. 15, Feb. 15, Mar. 15, and Apr. 15, 2012 to investigate changes in these metabolites during dehardening (after the endo-dormancy period) in the late winter and the onset of spring conditions. In this study, one-year-old twigs were used, and twigs were collected from 6 twigs from each cultivar. Selected twigs were cut in about 30 cm length, and the cut twigs were covered with aluminum-foil to avoid direct cold wind and to reduce water loss in a chamber. The covered twigs were immediately placed in environmentally controlled chambers for freezing temperature treatments. The programmed rate of cooling temperature was −2˚C per hour down until experimentally designed minimum temperature, and temperature was kept for 12 h in the chamber. Since the degree of sensitivity of peach trees in natural temperature is different in each month, different temperatures were selected to induce freezing injury. Thus, freezing temperatures in artificially controlled chambers were set up in Oct. . Twigs were exposed in chambers for 12 h because our preliminary tests showed that freezing injury was not different between 12 h and 24 h exposure. All samples were prepared in triplicate.
Test of Freezing Injury
After exposure to freezing temperature for 12 h, twigs were placed at room temperature for 3 days for thawing and then visually inspected. Survival rates (D) of flower buds, leaf buds, and peach twigs was determined by visual inspection. About 12 flower and leaf buds were observed, and 6 twigs in each replication were inspected. Buds and twigs were partially cut and examined for proportion of damaged section (D 1 ) over total number (about 12 -15) of the cut parts (D 2 ). Damaged tissue was identified by tissue browning. Visual assessment of browning was expressed as percentage, calculated as 1 2 D% D D 100 = × . Whether the browning color judgment or not was applied to individual cut part.
Electrolyte leakage (EL) was measured to detect the degree of freezing injury. Twigs from each freezing treatment (6 twigs from each of 3 or 5 trees) were cut into 1 cm pieces, and 5 pieces were soaked in 10 mL of distilled water in test tubes. The tubes were incubated at 20˚C for 12 h and measured (EL 1 ). Then tubes were sealed, and boiled at 100˚C for 30 min in the water bath and measured again (EL 2 ). Electrolyte leakage was calculated, and expressed as percentage, with 1 2 EL% EL EL 100 = × .
Determination of Sugar and Starch
The concentration of sugar and starch in twigs were determined to compare differences between those grown under field condition in natural temperate climate and those stored at artificially controlled freezing temperature. Trees were grown as peach seedling rootstock, and trained to Y-shape with a spacing of 4 × 5 m of a 7-year-old tree. Selected twigs were treated in the same condition with twigs for the test of freezing injury. For comparison of sugar and starch in controlled (chamber) freeze twigs and field twigs, a freezing temperature threshold for peach survival was selected for each month. Since the treated temperatures at −21˚C in Jan. and Feb., −18˚C in Mar., and −6˚C in Apr. in the chamber for 12 h were the least temperature for tree survival, the marginal temperature was selected for experiment. The twigs were freeze-dried and finely ground for analysis. For the sugar analysis, 0.1 g of ground sample was mixed with 10 mL of 80% ethanol. The mixture was extracted using sonication for 60 min. The extract was evaporated under vacuum until dry. About 1 mL of distilled water was dissolved, and the extract was filtrated in a 0.45 μm micron filter. Soluble sugar was quantified by HPLC with a reflective index detector. Sugar-Pak TM 1 column (6.5 × 300 mm, Waters, USA) was used at 90˚C with a flow rate of 0.5 mL•min −1 , and the mobile phase was ultrapure water. Total starch was determined using a total starch analysis kit (Megazyme International Ireland Ltd., Wicklow, Ireland) with modification. A milled sample (0.1 g) was homogenized with 0.2 mL of 80% ethanol, and a mixed solution (3 mL) of α-amylase and 100 mM sodium acetate (1:30, v/v) was added in homogenate. The mixture was incubated at 100˚C for 12 min. During boiling, the mixture was vigorously stirred, and then 0.1 mL of amyloglucosidase was added to the mixture. The second incubation was processed at 50˚C for 30 min, and water was added to the mixture up to 10 mL. After centrifugation, 0.1 mL of supernatant was mixed with 3 ml of glucose oxidase-peroxidase (GOPOD) reagent. A third incubation was completed at 50˚C for 20 min, and the mixture was cooled down. Starch was spectrophotometrically measured at 510 nm for each sample, along with a D-glucose control against the reagent blank.
Proline Analysis
Proline content was determined using a modified method of Bates [14] . For comparison of proline concentration, temperature treatments were applied as described in section 2.3. The concentration of proline was compared between field and artificially controlled freezing temperature treatments. Proline (1 g) standard was dissolved in distilled water, and prepared at different concentrations (0, 20, 40, 60, 80, 100, 200, and 300 μg•g −1 ) using 3% sulfosalicylic acid. A milled twig sample (0.3 g) was mixed with 10 mL of 3% sulfosalicylic acid. After incubation for 30 min using sonication, the extraction was centrifuged for 15 min. The extract (2 mL) was mixed with 1.5 mL of acid ninhydrin solution and 1.5 mL of acetic acid, and the mixture was then incubated at 100˚C for 45 min. After it had cooled down, toluene (3 mL) was mixed in and the absorbance was read at 520 nm.
Statistical Analysis
The data were analyzed using SAS 9.2 (SAS Institute, Cary, NC, USA), and group means were compared for significant differences at 5% level with Tukey's test. The data were presented as average and standard error.
Results and Discussion
Visual Assessment at Freezing Temperature
When twigs are kept under freezing conditions, the symptom of freezing injury can easily be observed. Brownish color is the most common sign of damaged buds and twigs (Figure 1) . Freezing injury is variable in tissue of buds and twigs exposed to freezing temperatures in the different seasons ( Table 1) . In this study, the rate of tissue browning was examined primarily on the twigs because the survival rate of twigs was more stable and associated with higher rate of survival in trees than that of flower and leaf buds, although survival of flower buds is related to fruit yields. A higher browning rate was associated with lower survival rate at freezing temperature. In October, browning rate was more than 80% in "Jinmi", "Changhowonhwangdo", and "Kawanakajima Hakuto" at −9˚C. Twigs tissue started dying out at −9˚C in November, −15˚C in December, −21˚C in January and February. However, most twigs of "Changhowonhwangdo", and "Kawanakajima Hakuto" showed damage at −18˚C in March. The lowest temperature observed at which twigs survived was −6˚C in April. A dormant season lasted from October to early March, with a deep dormant period from December through February. When trees were in the middle of deep dormancy, they were more tolerant of lower temperatures from December (−18˚C) to February (−21˚C) than in other seasons. The results indicated that it is important to be aware of the lowest temperature at which tree can be damaged in different seasons.
Electrolyte Leakage
To examine the relationship between the rate of electrolyte leakage and decreasing temperature, percentage of electrolyte leakage was measured from January to April in three peach cultivars (Figure 2) . Increase in electrolyte leakage is generally considered an indicator of freezing injury in twigs. Electrolyte leakage showed little increase (≤25%) as temperatures decreased from January to March, and no distinct variation was observed among peach cultivars. In April, electrolyte leakage noticeably increased (30% -55%) compared with other seasons, and significant differences were detected among peach cultivars. The reason could be that peach trees in bloom in April are more susceptible to freezing temperatures than they are during the dormant periods from January to March. In a comparison of cultivars, the rate of electrolyte leakage was higher in "Jinmi" than in "Changhowonhwangdo" and "Kawanakajima Hakuto". The result was consistent with browning observed at −6˚C in April (Table 1) , and indicated that temperature, during critical periods of dormancy, bud burst, and bloom, is more important for observations of effects of freezing conditions on trees than absolute freezing temperatures.
Seasonal Changes in Sugar and Starch
The content of soluble sugar at different rates of freezing injury in peach twigs was variable during the season from January to April. Soluble sugar from three peach cultivars showed different seasonal content, while the seasonal patterns of sugar content in peach trees were similar between field and freezing temperature conditions −18˚C 100.0 ± 0a 100.0 ± 0a 100.0 ± 0a 100.0 ± 0a 93.3 ± 11.1a 100.0 ± 0a 100.0 ± 0a 100.0 ± 0a 100.0 ± 0a −21˚C 100.0 ± 0a 100.0 ± 0a 100.0 ± 0a 100.0 ± 0a 93.3 ± 21.4a 100.0 ± 0a 100.0 ± 0a 100.0 ± 0a 100.0 ± 0a ( Figure 3) . In a comparison of field and freezing temperature treatments, peach trees exposed to freezing temperature had lower sugar content than those in the field, although sugar content is commonly expected to increase in a freezing temperature condition. The finding could be explained by the fact that freezing temperature treatment in this study was the lowest survival temperature, and thus sugar content in field conditions would obviously be higher than in the freezing temperature treatments. Soluble sugar content is related to an index of cold-tolerance, and sugar content increased in January and February, and decreased at time of bud break in March. Sugar accumulation then increased during bud burst and blooming in April. The trend in sugar content could be attributed to sucrose content in peach twigs. As the major sugar in tree, sucrose decreased toward the end of winter, while glucose and fructose increased in this study (data not shown). Sucrose is considered as an energy source for normal growth of trees. Sugar content was high during the dormant period in January and February, and then decreased until March. A previous study showed that sugar increased in December and gradually dropped from February to April in peach trees [15] . With buds breaking and bursting in late March, sugar content increased. The results indicated that an increase in glucose and fructose prior to bud break was associated with a decrease in sucrose and starch.
Content of starch in the twigs of peach tree cultivars "Jinmi", "Changhowonhwangdo", and "Kawanakajima Hakuto" was observed in seasonal variation from January to April (Figure 3) . Starch was the dominant storage ) in the twigs of "Jinmi", "Changhowonhwangdo", and "Kawanakajima Hakuto" peach grown in the field and subjected to freezing temperatures in January (21˚C), February (21˚C), March (−18˚C), and April (−6˚C). carbohydrate and in much greater concentration in freezing temperature treatments compared with field conditions, except in "Kawanakajima Hakuto". As with sugar content, starch was at its lowest content during bud break in March, and then increased in April, going into spring. The low level of starch in field condition was due to the much faster use of starch in normal growth of field trees than in freezing temperatures. A recent report showed starch content of oak and beech trees decreasing from December to February, and then increasing from March to May [16] . Another study found that starch decreased in pear trees from January to March as sugars increased as a result of starch degradation [17] . In our result, the transition from decreasing starch to increasing sugar was not clear at time of bud burst. It could possibly be explained by the fact that the transition from starch to sugar can be observed more in buds than in twigs of trees.
Proline Content
Proline in plants commonly increased at freezing temperature and with unfavorable environmental stress [18] - [20] . As shown in Figure 4 , total proline content in three peach twigs was similar in field and freezing temperature treatment in January, February, and April, while proline content was significantly higher in March than in January, February, and April. It could be that trees are more vulnerable at freezing temperature at time of bud break in March, and thus proline, an amino acid, could be at higher content than in other seasons. Studies found a positive relationship between proline content and sugar accumulation [21] - [23] , while our study showed no consistent results for proline and sugar content at different temperatures as the seasons changed. Proline accumulation was likely associated with rate of freezing injury response in different seasons.
Conclusion
Peach trees were susceptible to unfavorable freezing temperature. The results found freezing injury to be fatal below a certain temperature, and variable patterns were seen in internal chemical components during seasonal changes. Since the three peach cultivars showed similar medium-cold tolerance, their internal components were not significantly different in different seasons. This study demonstrated that freezing temperatures at which damage begins in trees were −21˚C during a deep dormant period from January to early February, −18˚C during the period innate dormancy was broken and imposed dormancy began, from late February to March, and −6˚C during the period of blooming in mid-April, along with different content of endogenous components.
